Maternal-effect genes play essential roles in early embryogenesis particularly before activation of the zygotic genes. A genetic screen for mutations affecting such maternal-effect genes was carried out employing an F3 screen strategy, identifying six recessive mutations out of 60 mutagenized genomes. Three of the mutations (acytokinesis mutations: ack kt5 , ack kt62 and ack kt119
Introduction
In many animal species, particularly those that undergo a midblastula transition (the late onset of zygotic gene expression), the early events of embryogenesis are primarily regulated by maternal factors synthesized during oogenesis under the control of maternal-effect genes. The processes under regulation of maternal factors conceivably include fertilization, cell cleavage and establishment of the primary body pattern. In some cases, products of maternal-effect genes may contribute to later development even after the midblastula transition.
In Drosophila and Caenorhabditis, systematic screening for mutations exhibiting maternal effects have been carried out (Gans et al., 1975; Kemphues et al., 1988b; Schupbach and Wieschaus, 1989) . In Drosophila melanogaster, the majority of maternal-effect genes identified are involved in proper development to the pre-gastrulation stage, and mutants include those defective in cellularization of the blastoderm. The remaining maternal-effect mutations represent components of the molecular mechanism involved in the establishment of antero-posterior and dorso-ventral patterning of the D. melanogaster embryos in later development (St Johnston and Nusslein-Volhard, 1992) . In Caenorhabditis elegans also, most maternal-effect mutations cause defects in cell division, while the remaining mutations result in abnormal distributions of cytoplasmic components in eggs, components that are involved in proper derivation of cell lineages (Kemphues et al., 1988b) .
These maternal-effect mutations in D. melanogaster and C. elegans were screened using mothers of the F3 generation descended from mutagenized animals (F3 screen) (Gans et al., 1975; Kemphues et al., 1988a; Schupbach and Wieschaus, 1989) . F2 families carrying a mutagenized genome in the heterozygous condition were first established, and crosses were made within a family to produce an F3 population in which homozygosity of mutated loci arose. Offspring embryos produced by the F3 females were screened for developmental abnormalities possibly caused by mutation of maternal-effect genes.
To examine maternal contributions to embryogenesis in vertebrates, the zebrafish (Danio rerio) has been employed for genetic screens for maternal-effect mutations . Taking advantage of this fish allowing parthenogenetic diploid development to fertile adults (Streisinger et al., 1981) , a gynogenesis-based F2 screen strategy was used . To identify maternal-effect mutations, diploid gynogenote females of the F2 generation were produced from activated oocytes of heterozygous F1 females by inhibiting the second meiotic division using an early pressure technique (Streisinger et al., 1981) . Embryos derived from crosses between wild-type males and the gynogenetic F2 females were then screened for developmental abnormalities. Compared with F3 screening based solely on genetic crosses, the gynogenesis-based screening has the advantages of bypassing one generation before screening and facilitating the identification of carriers of the maternal-effect mutations . The gynogenesis-based screening identified a recessive maternal-effect mutation nebel, which affects vasa mRNA localization (Knaut et al., 2000; .
This gynogenesis-based screen, however, has several drawbacks. First, mutations of genes distantly located from the centromeres would often escape detection, because of failure to resolve the heterozygosity generated by recombination during the first meiosis stage (Pelegri and SchulteMerker, 1999) . Second, the early pressure treatment itself frequently causes developmental abnormalities in diploid gynogenetic embryos (Streisinger et al., 1981) and, consequently produces a high background of non-genetic developmental abnormalities. Third, a high rate mutagenesis must be avoided in a gynogenesis-based screen, because zygotic mutations also become homozygous in diploid gynogenetic fish and this seriously impairs the viability of the fish. These factors produce a strong bias in identification and recovery of mutations among maternaleffect genes.
An F3 screen based solely on genetic crosses has not been attempted in vertebrates, presumably because it is labor-intensive and requires a large amount of space to manage genetic crosses, but it would reduce the bias in recovery of maternal-effect mutations overcoming the drawbacks of gynogenetic F2 screen.
Here we describe the results of the first application of an F3 screen for maternal-effect mutations in vertebrate development using zebrafish. From 60 mutagenized genomes analyzed, we identified six recessive maternaleffect mutants, among which four mutants displayed welldefined deviation from normal morphology. Three of the mutations (acytokinesis mutations) result in a complete block to cytokinesis during the early cleavage stages without affecting nuclear division. Embryos derived from homozygous females are defective in organizing cortical F-actins, generating contractile rings and microtubule arrays, indicating a model that products of these acytokinesis gene(s) are involved in regulation of cortical cytoskeletal organization. Although defective in the cleavage apparatus in the acytokinetic embryos, newly formed nuclei are normally arranged and maternal vasa mRNA accumulates on the equatorial planes of the first and second mitosis. Thus, the basic cell architecture of early embryos is organized largely by autonomous activities of the mitotic apparatus, without much dependence on the cell cleavage machinery.
Results

Identification of maternal-effect mutations by genetic F3 screen
To identify maternal-effect mutants, we carried out an F3 screen using ordinary genetic crosses (Fig. 1 ). Males treated with ethylnitrosourea were crossed with wild-type females to obtain F1 fish. F2 families were raised by pair wise crosses between F1 fish or crosses between wild-type and F1 fish. F3 females were obtained by sibling crosses in individual F2 families. F4 embryos derived from F3 females were screened for developmental abnormalities. Those females exhibiting the following characteristics were examined further: (1) the majority of F4 embryos derived from an F3 female showed an abnormal phenotype, and (2) the phenotype was reproducible in repeated outcrosses with wild-type males.
The results of the first screen, including 60 mutagenized genomes, are summarized in Table 1 . Six putative maternaleffect mutants were identified. Three mutants, designated as acytokinesis kt5 (ack kt5 ), acytokinesis kt62 (ack kt62 ) and acytokinesis kt119 (ack kt119 ) shared a similar phenotype: cytokinesis was completely blocked but nuclear division proceeded during the early cleavage stages, resulting in development of a multinucleated syncytial blastoderm-like cell (Fig. 2) . Each of these mutants was derived from a different mutagenized G0 male. Of the remaining three mutants, bobtail kt19 (btl), formed a truncated tail, kt8 showed abnormal yolk cell structure, and kt206 displayed necrosis of the entire embryo around the tailbud stage (data not shown).
Recessive Mendelian transmission of acytokinesis maternal-effect mutations
F3 or F4 fish of the individual families, from which the ack kt5 , ack kt62 and ack kt119 mutations were derived, were crossed pair wise, and the pairs producing females with the maternal effect were identified. For each cross involving any of the three mutations, females exhibiting the acytokinesis maternal effect appeared at a frequency expected for a Mendelian recessive mutation (Table 2) . To confirm the recessive nature of the mutation, the males identified as heterozygous or homozygous for the mutations were crossed with wild-type females. None of the female offspring exhibited the acytokinesis maternal effect ( Table 2) .
The maternal recessive effects of all three acytokinesis mutations were fully penetrant, while neither a zygotic effect nor a heterozygous maternal effect was detected (more than 97% normal development in 300-2000 embryos of each corresponding genotype, scored at day 6, which is comparable to wild-type control). The embryos derived from homozygous mothers carrying an acytokinesis mutation will be referred to as acytokinetic embryos.
We asked whether these acytokinesis mutations complement. Several males and females have been identified Fig. 1 . Scheme of the F3 genetic screen for recessive maternal-effect mutations. Males were mutagenized with ENU (G0) and crossed with wildtype females to produce F1 fish. F2 families were raised by pair-wise crosses between F1 fish or crosses between F1 fish and wild-type fish. F3 fish were generated from sibling crosses among F2 fish. F4 embryos derived from F3 females were screened for developmental abnormalities possibly caused by maternal-effect mutations. , the syncytial cells spread over the yolk mimicking epiboly (F). Acytokinetic embryos of ack kt62 and ack kt119 show contraction at the periphery of the syncytial cell (I,L). Scale bar, 100 mm, animal pole toward the top. as heterozygous carriers of acytokinesis maternal-effect mutations (Table 2) . Female offspring were raised from crosses between males and females carrying different mutations, and embryos derived from the female offspring were examined. In all the combinations between the three mutations, we found that roughly one-fourth of the female offspring produced embryos of a cytokinesis phenotype producing syncytial cells, analogous to those observed in embryos derived from individual homozygous mothers. From the frequency of phenotype occurrence, we conclude that these three acytokinesis mutations did not complement in the progression of cell divisions. Nevertheless from the consideration given in Section 3, we for the moment refrain from concluding that they belong to the same gene.
The phenotypic features of the acytokinetic embryos
In acytokinetic embryos, the formation of the cleavage furrow was completely blocked from the first cleavage stage ( Fig. 2A ,D,G,J). The first cleavage furrow normally forms 35-45 min post-fertilization ( Fig. 2A ), but this did not occur in acytokinetic embryos derived from homozygous mothers of acytokinesis mutations (Fig. 2D ,G,J). Four hours post-fertilization, when normal embryos reach the sphere stage (Fig. 2B) , the acytokinetic embryos developed into blastoderm-like structures consisting of a single large multinucleated syncytial cell (Fig. 2E ,H,K). Observation of this syncytial cells under Nomarski optics indicated an increase of nuclei and absence of cellular membrane at the cleavage planes (data not shown). These were confirmed by nuclear DAPI staining and immunstaining for b-catenin underlying cell membrane ( Fig. 3A -H) . The increase of nuclei in acytokinetic embryos was recorded following time-lapse (Fig. 3I ). Mitotic prophase initiates by breakdown of the nuclear membrane, and is reflected by the disappearance of visible nuclei (Kane and Kimmel, 1993) . The timing of the disappearance of nuclei was comparable between normal embryos and acytokinetic embryos of the three classes until cycle 9, with intervals of 15 -17 min at 28 8C (Fig. 3I) . In normal embryos, nuclear divisions gradually lengthen their intervals after division 9 and lose synchrony (Kane and Kimmel, 1993) . This increase of inter-division intervals after division 9 also occurred with acytokinetic embryos (Fig. 3I ), but some synchrony of nuclear divisions persisted (Fig. 3I) , presumably reflecting the syncytial situation. Throughout the stages of development, cleavage furroe dever formed, while division proceeded.
After 6 h, embryos of ack kt5 mothers showed a gradual spreading of the syncytial cell over the yolk, reminiscent of the epiboly movement of the blastoderm in normal embryos (Fig. 2F ). In contrast, in embryos derived from ack kt62 and ack kt119 mothers, contraction of the blastoderms occurred in their periphery, resulting in formation of a dome-like structure (Fig. 2I,L) . All of these syncytial structures then lysed.
The acytokinesis mutations affect cortical actin dynamics during the early cleavages
Cytokinesis occurs as the consequence of constriction of a contractile ring located underneath a cleavage furrow. The contractile ring is composed of actin filaments, myosin-II filaments and other regulatory proteins (Fishkind and Wang, 1995; Glotzer, 1997) , and the Factin bundles are highly packed perpendicular to the mitotic spindle (Fishkind and Wang, 1993; Mabuchi, 1994; Noguchi and Mabuchi, 2001) .
In normal zebrafish embryos in cleavage stages, a dynamic reorganization of F-actin takes place in the cortex, as visualized by rhodamine-phalloidin staining ( Fig. 4A1 -A6 ). When observed under a confocal microscope at the stage of pronuclei fusion (12 -17 min post-fertilization), the F-actin was in a fine meshwork and covered the whole cortex of the blastodisc (Fig. 4A1,  E ). This cortical F-actin meshwork disintegrated after prophase of the first mitosis (Fig. 4A2) . During anaphase, a number of small dense clusters of F-actin appeared, fused with each other, and covered the blastodisc cortex again (Fig. 4A3) . During telophase, the F-actin clusters were cleared in the prospective furrow region (Fig. 4A4) . At the beginning of interphase of the two-cell stage, when a cleavage furrow was visible at the animal pole, an F-actin band corresponding to a contractile ring was formed at the center of the furrow-forming region (Fig. 4A5,F) . At the onset of the second prophase, the F-actin clusters disintegrated in the whole cortex of 
a Female offspring that produced at least 20 fertilized eggs. b Female offspring that produced acytokinetic embryos.
the blastodisc (Fig. 4A6) , and an analogous cycle of F-actin reorganization was repeated. In all acytokinetic embryos, cortical F-actin dynamics were strongly affected, in particular marked by the failure of proper formation of contractile rings, which accounts for the absence of cytokinesis (Fig. 4B -D) . In ack kt62 acytokinetic embryos, cortical F-actin clustering during anaphase did not occur (Fig. 4C3) , and no further reaction took place. However, in acytokinetic embryos of ack kt5 and ack kt119 mutations, F-actin clustering in the cortex did occur (Fig. 4B3,D3 ). The size of the region covered by F-actin clusters in ack kt5 embryos appeared to be smaller than those in normal or ack kt119 embryos. In ack kt5 and ack kt119 embryos, clearing of the F-actin clusters was not observed during telophase (Fig. 4B4,D4 ), but this occurred later at the beginning of the interphase at variable ectopic positions of the cortex, leaving patches of F-actin clusters ( Fig. 4B5,D5 ; asterisks in Fig. 4G,H) . Ectopic contractile ring-like structures were formed in the regions between the patches of F-actin clusters (Fig. 4G,H, arrows) . Cleavage furrows never formed under these conditions.
Absence of furrow microtubule array in acytokinetic embryos
In normal zebrafish embryos during progression of the cleavage, arrays of microtubules form on both sides of the furrow which are oriented normal to the cleavage plane ( Fig. 5A,B ; Jesuthasan, 1998) . This did not occur in any of acytokinetic embryos (Fig. 5C,D) . Although ectopic contractile ring-like structures formed in ack kt5 and ack kt119 acytokinetic embryos as described above, these structures were not associated with the microtubule arrays (data not shown). Mitotic spindles were clearly seen by anti-tubulin immunostaining close to the surfaces of normal embryos at the 512 -1000 cell stage (Fig. 5E,F) . In acytokinetic embryos also, mitotic spindles were normal in morphology (Fig. 5G,H) , indicating that tubulins themselves are not affected in the acytokinetic embryos.
Since furrow microtubule arrays are formed after the blastomere surface is depressed by the action of the Fig. 4 . Alteration of cortical F-actin dynamics in acytokinetic embryos during the first cleavage. Distribution of F-actin in animal pole view of wild-type (A1-A6) and acytokinetic embryos of ack kt5 (B1 -B6), ack kt62 (C1-C6) and ack kt119 (D1-D6) stained with rhodamine-phalloidine (red). Strong staining indicates cortical F-actins. Positions of nuclei are indicated by white dots in the embryos. Three-fold enlargements of DAPI-stained images of the nuclei are shown (insets). (A1,B1,C1,D1) Beginning of male and female pronuclei fusion. F-actin meshwork (see E) covers the whole cortex of normal (A1) and acytokinetic embryos (B1,C1,D1). (A2,B2,C2,D2) First metaphase of normal (A2) and acytokinetic embryos (B2,C2,D2). The cortical actin meshwork is disintegrated. (A3,B3,C3,D3) Beginning of anaphase. Small clusters of F-actin are formed, fused each other and cover the cell cortex of normal (A3) and acytokinetic embryos of ack kt5 (B3) and ack kt119 (D3), but this does not occur in an acytokinetic embryo of ack kt62 (C3). (A4,B4,C4,D4) Telophase. Clearing of the F-actin clusters occurs in the prospective furrow region in a normal embryo (A4), but in acytokinetic embryos of ack kt5 (B4) or ack kt119 (D4) F-actin clearing is delayed and occurs at various ectopic sites in early interphase. (A5,B5,C5,D5) Interphase of the 2-cell stage. A contractile ring is formed at the middle of the furrow region in a normal embryo (A5, also see F), but F-actin clearing occurs at multiple ectopic sites of the blastodisc cortex in acytokinetic embryos of ack kt5 (B5) and ack kt119 (D5). Ectopic contractile ring-like structures are formed in regions of the ectopically positioned F-actin clearing (see G,H). (A6,B6,C6,D6) At the beginning of prophase of the second mitosis, most of the F-actin structure disappears in the cortex of normal and acytokinetic embryos. (E) A confocal image of the F-actin meshwork in the cortex of the blastodisc during fusion of male and female pronuclei. (F -H) Enlargement of the areas indicated by squares in (A5), (B5) and (D5), respectively. (F) A contractile ring in a normal embryo (arrowhead). (G,H) contractile ring-like structures (arrows) formed in regions of ectopic F-actin clearing, and between the remaining F-actin clusters (asterisks) in acytokinetic embryos of ack kt5 (G) and ack kt119 (H). Scale bars, 100 mm (A1-D6); 10 mm (insets in A1-D6); 10 mm (E-H).
contractile ring (Jesuthasan, 1998; Straight and Field, 2000) , absence of the structure seems to be a natural consequence of the absence of a contractile ring.
Localization of maternal vasa mRNA in acytokinetic embryos
In normal zebrafish embryos, maternal vasa mRNA is first localized to a nuage-like structure, a germ plasm organelle (Knaut et al., 2000) , and accumulated at the first and second cleavage planes (arrows in Fig. 5I ; Yoon et al., 1997) . This accumulation of vasa mRNA is displaced in embryos of nebel homozygous mothers where microtubule arrays in the cleavage furrow are disorganized . In contrast to the nebel case, all the acytokinetic embryos had vasa mRNA aggregated into small blobs and arranged along the first mitotic plane 65 min post-fertilization (arrowheads in Fig. 5J-L) . Although less conspicuous, arrays of vasa blobs were also observed along the second mitotic plane in the acytokinetic embryos when color reaction for in situ hybridization was done excessively (Fig. 5M) . This observation suggests that, although cytokinesis fails in the acytokinetic embryos because of disorganization of cortical cytoskeletons, prospective cleavage planes are correctly defined in acytokinetic embryos and vasa mRNA is localized there. , ack kt62 and ack kt119 , respectively. vasa mRNA is localized to small blobs, which are arranged along the equatorial planes of the first nuclear divisions (arrows). White dots indicate DAPI-stained nuclei. (M) An ack kt119 acytokinetic embryo excessively stained with the vasa in situ hybridization. Arrays of vasa blobs are observed along both the first and second mitotic planes (arrows). Scale bars, 100 mm (A,C,E,G,I-L); 10 mm (B,D); 50 mm (F,H).
Discussion
Maternal-effect mutations in zebrafish
In this paper, we report the first F3 screen for zebrafish maternal-effect mutations using ordinary genetic crosses. This screen involved 60 mutagenized genomes, and identified six recessive maternal-effect mutations. The frequency of the maternal-effect mutations without affecting the viability of homozygous animals is roughly 0.10 (6/60) mutations per mutagenized genome, under the present experimental conditions.
More than 10 zebrafish genes are known that have maternal contribution to early development, including those described here. Zebrafish maternal-effect genes may be roughly classified into two groups: those involved in early blastoderm development, particularly cell divisions, and those affecting later development.
Three out of six maternal mutations identified in the F3 screening, ack kt5 , ack kt62 and ack kt119 , belong to the former class. The normal activity of acytokinesis gene(s) appear to be involved in cortical actin dynamics. There are two additional maternal-effect mutations reported previously, affecting cell divisions, nebel and janus (Abdelilah et al., 1994) . They are all involved in the regulation of dynamic changes in cell architecture. The nebel gene product has been proposed to regulate microtubule organization at the cleavage furrow . The janus mutation inhibits the compaction of the two-cell stage blastomeres (Abdelilah et al., 1994) . All these five mutations exhibit purely homozygous maternal effect, without any appreciable zygotic effects (Table 2; Abdelilah et al., 1994; . By contrast, those affecting later development usually have zygotic effects as well, and the majority of them were in fact those identified in the zygotic mutant screen (Bauer et al., 2001; Hild et al., 1999; Kim et al., 2000; Mintzer et al., 2001; Zhang et al., 1998) .
Acytokinesis maternal-effect mutations
All three acytokinesis mutations reported here cause the embryos derived from homozygous females the complete absence of cytokinesis during early cleavages. These three acytokinesis mutations are derived from different mutagenized males, and very likely independent. However, these acytokinesis mutations did not complement in provoking cytokinesis. In addition, recent genetic analysis of the mutants indicates that all acytokinesis mutations are mapped to linkage group 7 (Y.K., to be reported elsewhere). These observations are in favor of the model that the mutations have occurred in the same gene. Nevertheless, we refrain from concluding mutations of the same gene before finer genomic mapping is done for the following considerations. If all the three acytokinesis mutations or even two of them were at a single locus, they would indicate an extremely high mutation rate, more than two orders of magnitude higher than ordinary recessive mutations (estimated , 0.001; Mullins et al., 1994; . Second, there are precedents demonstrating failure of complementation among mutations of functionally related genes. Mutations of Minute loci of Drosophila, mostly encoding ribosomal proteins (Lambertsson, 1998) , are known for their lack of complementation.
3.3. The sequence of events in cell cleavage deduced from the phenotype of the maternal-effect mutants
In animal cells, the position of the next cleavage is determined as the equatorial plane of the mitosis, and hence by the position and the orientation of the mitotic apparatus (containing microtubules as their major components). Then, the cortical actin cytoskeleton is dynamically reorganized to generate a contractile ring consisting of a bundle of actin filaments at a gap between the clusters of cortical F-actin and along the circumference of the prospective cleavage plane. During the early cleavages of the zebrafish embryos, reorganization of cortical actin cytoskeleton is initiated by disintegration of the cortical Factin meshwork present in the fertilized egg (Fig. 4A1 ,E, A3), followed by development of a plane of dense F-actin clusters (Fig. 4A3) . The F-actin clusters are then cleared at the prospective position of cell cleavage (Fig. 4A4) , and the contractile ring is formed at the site of F-actin clearing (Fig. 4A5,F) . Muscle-like contraction of the ring generates the force to initiate cell cleavage (Glotzer, 2001) . Later in cleavage, arrays of microtubules are organized normal to the cleavage furrow (Jesuthasan, 1998; Fig . 5B), which provide routes of transporting components of cleavage plane membrane (Straight and Field, 2000) .
All acytokinetic embryos investigated in the present paper are defective in organizing the normal contractile ring (Fig. 4) , and constriction of the cortex never occurs. In embryos of ack kt5 and ack kt119 homozygous mothers, abortive reactions of cortical F-actin were observed. After the initial disappearance of the cortical F-actin meshwork, cortical F-actin clustering does occur albeit irregularly, and ectopic and delayed appearance of contractile ring-like bundles of F-actins was observed in parallel with irregular clearing of the F-actin clusters (Fig. 4) . These ectopic F-actin bundles were not associated with microtubule arrays and never participated in cell cleavages. On the other hand, ack kt62 embryos displayed no F-actin reaction following the initial disintegration of the cortical F-actin meshwork (Fig. 4) . In any case, these acytokinesis mutations indicate maternal component(s) that link determination of the cleavage plane and cortical F-actin dynamics (Fig. 3) . If these mutations belong to the same gene, ack kt62 allele may cause the strongest phenotype.
The furrow microtubule arrays are missing in embryos of all three acytokinesis mutants. This is consistent with the current model that the microtubule arrays are involved in the process after the cleavage is initiated by the action of the contractile ring (Straight and Field, 2000) . Tubulins themselves are not affected by the acytokinesis mutations, since mitotic spindles are formed normally (Fig. 5) .
These observations indicate that deposition of vasa mRNA blobs in the first and second cleavage planes, presumably determined by the mitotic apparatus, does not require the formation of the microtubule arrays normally formed at the cleavage furrow. It has been shown that the maternal effect of homozygous nebel mutation causes absence of the furrow microtubule arrays and unlocalized vasa mRNA . Considering the observations on acytokinetic embryos, it is speculated that the two defects associated with maternal nebel mutation reflect two parallel nebel functions (Fig. 6) .
The vasa mRNA blobs formed in acytokinetic embryos are deposited along the equatorial planes of first and second mitosis. However, these blobs differ from the normal case, compact vasa mRNA clumps made at positions close to blastoderm periphery in the cleavage plane. This normal localization of maternal vasa mRNA may depend on the cell cleavage process.
These considerations place the events of cortical reorganization during cell cleavage in the scheme shown in Fig. 6 . The acytokinesis mutations revealed the regulatory steps involved in cortical actin dynamics, and demonstrated that vasa mRNA deposition to the cleavage plane is not dependent on the cell cleavage machinery.
Experimental procedures
Fish strain and fish keeping
A TL2 closed colony was used, derived from a pair of TL fish without any detectable recessive zygotic or maternal effect over three generations of inbreeding (98.9% of confidence). Fish were kept in a closed circulating water system (Aquatic Habitats) with fish water (0.03% Red Sea salt in reversed osmosis water) at 28 8C. Eggs and embryos were kept in egg water (fish water with 2.5 £ 10 25 % methylene blue) at 28 8C. Fish were raised and bred according to a standard procedure (Sprague et al., 2001 ).
Mutagenesis and mutant screening
The actual number of mutagenized genomes analyzed by an F3 screen ðGÞ is estimated as:
where a is mutagenized genomes in a family (a ¼ 1 if F1 fish were crossed with wild-type or a ¼ 2 if F1 fish were crossed with F1 fish); T; the total number of F3 females tested; m; the number of F2 sibling crosses per family used to generate F3 fish; and n is the number of F3 females raised per family. If T is kept constant (which may be enforced if the space used to raise the fish is limited), G increases as m increases and n decreases. The chance of finding recessive maternal-effect mutants is proportional to G: Thus, to screen an F3 fish population of a fixed size, an increase of the number of F2 sibling crosses per family and a compensatory decrease of the number of F3 females per F2 sibling cross is recommended. In short, this condition minimizes the reiterated occurrence of the same homozygous genotype and increases the variety of genotypes among the screened population. Mutagenesis was performed using ethylnitrosourea (ENU) treatment of male fish. Ten adult TL2 males were treated with ENU (3 mM, for 1 h at 21-22 8C) four times at weekly intervals (Mullins et al., 1994; , and five survivors (G0) were obtained a month after completion of the treatment. The G0 males were mated with normal TL2 females to produce F1 founder fish. A total of 141 F2 families were generated from 112 crosses between F1 founders and normal TL2 fish (F1 £ TL2) and from 29 crosses between F1 founders (F1 £ F1), corresponding to 170 mutagenized genomes represented. F2 sibling crosses resulted in an average 3.6 successful crosses per family, which gave a sufficient number of viable F3 larvae at day 6. F3 larvae were pooled from every F2 sibling cross, and F3 populations were raised in family units of 30 fish. The F3 generation female fish were crossed with males of the same F3 population or with normal TL2 males. On average, seven F3 females derived from individual families successfully laid more than 20 fertilized eggs. The embryos were observed under a microscope at four different stages: soon after egg laying, several hours later, after 1 day and after 3 days. It was estimated that 60 mutagenized genomes were screened for recessive maternal-effect mutants.
To evaluate the efficiency of mutagenesis, the occurrence of zygotic homozygous lethal or pigmentation defect mutations was scored at the F2 generation, involving 132 mutagenized genomes. One hundred and thirty such mutants were scored, corresponding to ca. 0.98 mutations per mutagenized genome. This frequency is comparable to those reported for previous screens of ENU-induced mutants (Driever et al., 1996; Haffter et al., 1996; Mullins et al., 1994) .
Rhodamine-phalloidin staining
Embryos were fixed in 3.7% formaldehyde in PBS for 2 h at room temperature (RT), washed with 0.1% Tween-20 in PBS, and dechorionated using fine forceps, treated with 0.5% Triton X-100 in PBS (PBS-Triton) for 1 h at RT and incubated with PBS-Triton containing 0.16 mM rhodaminephalloidin (Molecular Probes, Inc.) and 1 mg/ml DAPI (Nacalai tesque, Inc.) for 1 h at RT in the dark. The embryos were washed with PBS-Triton for 15 min twice, and observed under a Zeiss Axiophot 2 equipped with epifluorescence optics.
Immunochemical staining and in situ hybridization
b-Catenin immunostaining using mouse anti-b-catenin (ZYMED Laboratory, Inc.) was done according to Jesuthasan (1998) . Microtubules were labeled with an anti-a-tubulin antibody (DM1A, ICN Biochemicals) as described by . In situ hybridization for vasa mRNA was done according to Yoon et al. (1997) .
